Variations in the geochemistry and texture of amphibole phenocrysts erupted from Augustine Volcano in 2006 provide new insights into pre-and syn-eruptive magma storage and mixing. Amphiboles are rare but present in all magma compositions (low-to high-silica andesites) from the 3 month long eruption. Unzoned magnesiohornblende in the high-and low-silica andesites exhibit limited compositional variability, relatively high SiO 2 (up to 49·7 wt %), and relatively low Al 2 O 3 (511·1wt %). Intermediate-silica andesites and quenched mafic enclaves contain amphiboles that vary in composition (e.g. SiO 2 40·8^48·9 wt %, Al 2 O 3 6·52^15·2 wt %) and classification (magnesiohornblende^magnesiohastingsitet schermakite). Compositional variation in amphibole is primarily controlled by temperature-dependent substitutions. Both high-and low-silica andesites represent remnant magmas that were stored in the shallow crust at 4^8 km depth, remaining distinct owing to a complex subsurface plumbing system. Intermediate-silica andesites and quenched mafic inclusions represent pre-eruptive hybrids of resident high-and low-silica andesite magmas and an intruding basalt. Amphiboles in explosive phase high-silica andesites are largely euhedral and unreacted, consistent with the high magma flux rates from depth during this phase (up to 13 800 m 3 s^1). Phenocrysts from the other lithologies have reaction rims that range from 1 to41000 m in thickness. Reaction rim microlite sizes correlate with reaction rim thicknesses. Reaction rims 550 m thick contain microlites 1^10 m in length whereas reaction rims 480 m thick contain microlites 10^100 m in length. Differentiating between heating-and decompression-induced amphibole reaction rim formation is problematic because of a lack of experimental constraints.We attempt a new approach to assessing reaction rim formation, based on a kinetic theory of crystal nucleation and growth, in which the differences in reaction rim textures represent different degrees of amphibole disequilibrium. Large crystals and low number densities suggest relatively lower levels of disequilibrium resulting in growth-dominated crystallization. Smaller crystals and larger number densities are indicative of higher nucleation rates and a high driving force.
magmatic minerals leads to improved prediction of eruptive style and is thus essential for hazard mitigation.
Although exact stability boundaries vary between magmas, OH-bearing amphibole is stable only at pressures greater than $100 MPa (4 km) and in melts containing at least 4 wt % H 2 O (Rutherford & Hill, 1993) . The somewhat restricted stability region and common occurrence in intermediate calc-alkaline magmas make amphiboles important for investigating magma storage and ascent conditions at subduction zone volcanoes. When forced out of their stability range, amphiboles decompose to form aggregate reaction rims of anhydrous minerals (referred to hereafter as 'microlites'). Based on experimentally calibrated decompression models, reaction rim thicknesses have been used to estimate magma ascent rates (Rutherford & Hill, 1993; Browne & Gardner, 2006) . Other investigations have discussed heating-induced reaction rim formation (Garcia & Jacobson, 1979; Murphy et al., 2000; Buckley et al., 2006; Plechov et al., 2008) , although only four heating experiments exist and thus heating-induced rim formation is almost completely uncalibrated experimentally (Browne, 2005) .
This study uses the geochemical and textural characteristics of phenocrystic amphiboles in conjunction with bulk-rock compositions to deduce pre-eruptive magmatic processes and conditions for the well-described 2006 eruption sequence from Augustine Volcano, Alaska. Despite low overall abundances in most Augustine 2006 samples (Larsen et al., 2010) , the compositional and textural variations in the amphibole population suggest a complex story of pre-and syn-eruptive magma mixing. Amphibole scarcity, as compared with analogous volcanoes (e.g. Redoubt, Alaska; Coombs et al., 2013;  and Soufrie' re Hills, Montserrat; e.g. Murphy et al., 2000) , and its uneven distribution among samples may be indicative of a storage region that straddles the mineral's thermal and/or pressure stability boundaries. The evidence presented here supports the hypothesis that the eruption was triggered by an influx of mafic magma from depth. Older magmas stored below the volcano since at least 1986 were remobilized by heating and by variable amounts of mixing with the fresh mafic magma. This study also presents a quantitative method for analysing the textures and mineralogy of reaction rim microlites. The resulting model for reaction rim formation, based on accepted crystallization kinetics theory, proposes a new approach to classifying amphibole reaction rims, a common feature in magmas from around the world.
B AC KG RO U N D Geographical and geological setting
Augustine is a 1254 m Pleistocene^Holocene stratovolcano located on a 10^12 km diameter island near the eastern end of the Aleutian volcanic arc (Fig. 1) . It is the most active volcano in Alaska's Cook Inlet region and presents a number of local and regional hazards, including volcanically induced tsunamis, ash fall, and ash plumes that threaten aviation (Waythomas & Waitt, 1998) . Owing to its high rate of activity, proximity to population centres and infrastructure, and ease of access, Augustine is one of the most comprehensively monitored and studied volcanoes in the region .
Historical eruptions occurred in 1812, 1883, 1935, 1964, 1976, 1986, and 2006 , producing compositionally similar, crystal-rich andesites and low-silica dacites. The last three eruptions all progressed from early explosive to late effusive phases over a time scale of weeks to months (Waitt & Bege¤ t, 2009) , produced similar ranges in whole-rock compositions, and were each apparently triggered by the injection of hot mafic magmas into cool, residual magmas stored at shallow crustal levels (Johnston, 1978; Roman et al., 2006; Larsen et al., 2010) . Roman et al. (2006) proposed a shallow storage region of interconnected dikes that prevent full homogenization of the magmas. They inferred that the short time interval between historical eruptions allows this complex storage structure to be maintained, as the frequent influx of new magma prevents the small dikes from freezing.
Overview of the 2006 eruption
A full description of the 2006 eruption has been given by Power et al. (2010) and is briefly summarized here. Activity began with a 6 month precursory phase (Table 1) , and progressed through a 2 week explosive phase and a 1 week continuous phase, before ending with an effusive phase that lasted for almost 2 months. The total erupted volume was $0·1km 3 . Four major lithologies comprise low-to medium-K andesites ( Fig. 2a ; Table 1 ), categorized on the basis of silica content and/or textural characteristics: high-silica andesites (HSA; 62·2^63·3 wt % SiO 2 ); low-silica andesite scoria (LSAS; 56·5^58·7 wt % SiO 2 ); dense low-silica andesites (DLSA; 56·4^59·3 wt % SiO 2 ); intermediate-silica andesites (ISA; 58·3^62·2 wt % SiO 2 ). Although all major lithologies were present throughout the eruption, their proportions varied with time ( Fig. 3 ; Vallance et al., 2010) . The andesites contain 36^55 vol. % phenocrysts of plagioclase (An 48^90 ), augite, orthopyroxene, Fe^Ti oxides (magnetite and ilmenite), olivine, and amphibole (Larsen et al., 2010) .
Crystal-rich (470 vol. %) minor lithologies include fine-grained gabbroic inclusions (FGGI: 54·5^58·2 wt % SiO 2 ; Larsen et al., 2010; Coombs & Vazquez, 2012) and quenched mafic inclusions (QMI: 49·7^60·6 wt % SiO 2 ; Browne & Vitale, 2011; Steiner et al., 2012; this study) . Effusive phase dense low-silica andesite deposits contain most of the fine-grained grabbroic inclusions (Larsen et al., 2010) . Quenched mafic inclusions occur in all the major lithologies, although those studied here were entrained in high-silica andesites. Quenched mafic inclusions exhibit chilled margins and have a rounded morphology, suggestive of quenching in a cooler host magma (Steiner et al., 2012) .
Fe^Ti oxide thermometry methods yield temperatures of 810^9708C for the major lithologies (Larsen et al., 2010) and 840^9408C for the quenched mafic inclusions (Browne & Vitale, 2011) . Magmas are highly oxidized with fO 2 values of approximately nickel^nickel oxide (NNO) þ1·5 log units, slightly below the rhenium^rhe-nium oxide (RRO) buffer. Larsen et al. (2010) concluded that two-stage mixing preceded the eruption. The first stage involved mixing between the high-silica andesite and an intruding mafic magma, forming a low-silica hybrid (erupted as the LSAS), and the second stage involved mixing between the high-silica andesite and the newly generated low-silica andesite to produce the intermediate-silica andesite. Volatile concentrations in melt inclusions indicate a storage region no shallower than 4^6 km depth (Webster et al., 2010) . Similarly, geodetic estimates suggest a cylindrical storage region with the top at 2·5^4·5 km and the base at 6·5^10·5 km (Cervelli et al., 2010) .
M AT E R I A L S A N D M E T H O D S Sample selection
This study includes multiple samples from all eruptive phases and major lithologies (Table 2) . We identified a total of 123 amphiboles in 28 major lithology thin sections (each representing a different hand-specimen), although amphibole distribution is not uniform. Some thin sections contain multiple amphibole phenocrysts, whereas others from the same deposit contain none. Given the relative scarcity of amphibole, all identified phenocrysts from the major lithologies were used in this study. An additional 41 amphiboles from six fine-grained gabbroic and quenched mafic inclusion samples were also analysed.
Electron microprobe microanalysis
Amphibole major-element compositional data were obtained using a Cameca SX50 electron microprobe at the University of Alaska Fairbanks. This instrument is equipped with one EDAX energy-dispersive spectrometer (EDS) and four wavelength-dispersive (WDS) spectrometers. Analyses were conducted with a focused (1^5 m) 15 kV accelerating voltage, 10 nA beam. Data were collected at 10^30 m intervals along rim-to-rim or core-torim transects. Amphibole mineral formulae were recalculated based on normalization to 13 cations and assuming 23 oxygen ions (Leake et al., 1997 /Fe 3þ estimation than normalization to 15 cations (e.g. Al'meev et al., 2002) . Uncertainties on the recalculated data reflect the 1s standard deviation of n oxide analyses for each phenocryst propagated through the mineral recalculation using full error propagation methods (Giaramita & Day, 1990; De Angelis & Neill, 2012) . Amphiboles were classified according to Leake et al. (1997) , based on the occupancy of the A-(Na þ K), B-(Ca, Na), C- (Mg, Fe 2þ , Fe 3þ , Ti, Mn, Al vi ), and T-(Si, Al iv ) sites. Representative compositional data are given in Table 3 . The full dataset is presented as Supplementary Data (available for downloading from http://www.petrology. oxfordjournals.org).
Amphibole image acquisition and processing
Photomicrographs of amphibole phenocrysts were acquired using a Diagnostic Spot InSight Color digital camera mounted on a petrographic microscope, at magnifications between 2·5Â (1 m represented by 0·3 pixels) and 20Â (1 m represented by 2·7 pixels). Backscattered electron (BSE) images and X-ray maps of reaction rims were collected using a JEOL JSM-6510 scanning electron microscope, equipped with an IXRF Iridium Ultra EDS, at the US Geological Survey, Anchorage, at magnifications (Gill, 1981) . All data are derived by XRF. Major oxide data are normalized to 100%. Data points are categorized by lithology: DLSA, dense low-silica andesite; LSAS, low-silica andesite scoria; HSA, high-silica andesite; ISA, intermediate-silica andesite; QMI, quenched mafic inclusion; FGGI, fine-grained gabbroic inclusions. The 'other' category contains oxidized clasts and crystal clots not included in this study. EExpl, early explosive phase; LExpl, late explosive phase; Cont, continuous phase; Eff, effusive phase. DLSA, Dense low-silica andesite; LSAS, low-silica andesite scoria; HSA, high-silica andesite; ISA, intermediate-silica andesite. Figure after Vallance et al. (2010) .
between 30Â and 6000Â and at resolutions of 640 Â 480 to 1280 Â 960 pixels. Images were acquired with a 20 kV accelerating voltage, large spot size, and a 10 mm working distance.
Reaction rim images were measured using the National Institutes of Health (NIH) ImageJ software package. Phenocryst lengths were measured along the longest axis, and when crystal orientation permitted, along the c-axis (inferred from crystal habit and cleavage). Mean reaction rim thickness values were calculated from 20 measurements taken at regular spatial intervals around each reaction rim. The mineral phase, size, aspect ratio, and distance from the unreacted amphibole core and from the surrounding glass were recorded for 24^244 microlites per reaction rim. Microlite size was defined as the Feret's Diameter (FD), the longest distance between any two points around the boundary of the crystal, as measured by ImageJ. The number of microlites measured depended on the size of the amphibole and on the thickness of the reaction rim. Where possible (small amphiboles or those with very thin reaction rims), 100% of the reaction rim microlites were analysed. Where reaction rims contained large numbers of microlites, regions of interest (ROI) were established at multiple (5^10) locations around the reaction rim. Wherever feasible, ROI extended from the amphibole core to the reaction rim^glass boundary. All microlites within each ROI were analysed. For each rim, average two-dimensional crystal number densities (CND) were calculated from grain counts within square ROI. The size of these ROI depended on the magnification of the image and on the total reaction rim thickness. Repeat CND calculations were conducted on selected reaction rims to calculate representative standard deviations.
R E S U LT S
With just one exception (high-silica andesite sample 06AUMC004c; Table 2 ), thin sections from the major lithologies contain 51 modal % amphibole (Larsen et al., 2010) . These amphiboles are phenocrysts and range in length from 50 to 1000 m, with a mean of 350 m. The gabbroic inclusions contain up to 10 modal % amphibole phenocrysts. Quenched mafic inclusions contain both phenocrysts and microphenocrysts of amphibole. Microphenocrysts probably represent recent crystallization following the mixing-induced quenching of the mafic inclusions (e.g. Bacon, 1986; Coombs et al., 2002; Foley et al., 2012) , occurring not longer than 1 month prior to eruption (Vitale, 2012) . In this study, the use of amphibole from the quenched mafic inclusions was restricted to phenocrysts 4 $150 m in length. Quenched mafic inclusions contain 5^18 modal % amphibole phenocrysts that range in length from 60 to 750 m, with a mean of 220 m. Of the major lithologies, the high-silica andesite is the only one in which the majority of the amphibole phenocrysts are euhedral (Fig. 4a ) and do not exhibit reaction rims (Fig. 5) . The other major lithologies contain amphibole with a range of textures, including rimmed, unrimmed, euhedral, resorbed, and fragmented ( Fig. 4b^d) . Amphiboles in the quenched mafic inclusions never have reaction rims but are often resorbed.
Amphibole major element geochemistry
Augustine 2006 amphiboles are calcic (Table 3) , and have compositions that vary between magnesiohornblende, tschermakite, and magnesiohastingsite (Fig. 6 ). The spread in composition is consistent with other andesitic arc volcanoes, such as Redoubt, Alaska (Coombs et al., 2013) and Soufrie' re Hills Volcano, Montserrat (Murphy et al., 2000) . Compositions vary both within and between lithologies, although single phenocrysts are unzoned.
With the exception of three phenocrysts, high-and low-silica andesite and fine-grained gabbroic inclusion amphiboles are all magnesiohornblende (Fig. 6 ). These amphiboles exhibit the least compositional variation between phenocrysts ( Fig. 7a and b ) and have relatively high SiO 2 (44·3^49·7 wt %) and lowAl 2 O 3 (7·15^11·1wt %) contents. Dense low-silica andesite, intermediate-silica andesite, and quenched mafic inclusion amphiboles contain bimodal populations of high-and low-Al amphibole, varying betweenthe tschermakite, magnesiohastingsite, and magnesiohornblende fields (Figs 6 and 7). These amphibole phenocrysts show relatively wide ranges in their oxide compositions (SiO 2 ¼ 40·8^48·9, Al 2 O 3 ¼ 6·521 5·2 wt %). 
Full data are available in the Supplementary Electronic Material. '06AU' has been removed from sample names for the sake of brevity. Amphibole classification abbreviations: Tsch, tschermakite; Mghbl, magnesio-hornblende; Mghast, magnesio-hastingsite. *1s uncertainty on n analyses. yLetters denote site in amphibole structure. z1s uncertainty on n analyses propagated through mineral recalculation using the method of Giaramita & Day (1990) and De Angelis & Neill, 2012.
Key substitutions that control the composition of calcic amphiboles from calc-alkaline volcanic sequences are the Al-Tschermak, Ti-Tschermak, plagioclase, and edenite exchanges (Bachmann & Dungan, 2002) :
Plotting Al iv (tetrahedral Al) against the cations involved in each substitution highlights the relative importance of each substitution (Bachmann & Dungan, 2002; Shane & Smith, 2013) . Al iv varies by $1·4 atoms per formula unit (a.p.f.u.) across all samples: from50·8 to almost 2·2 ( 
Reaction rims Reaction rim distribution and widths
Most amphiboles in the major lithologies exhibit reaction rims (Fig. 5 ). Rim-width distribution can be described in terms of both eruptive phase and lithology ( Fig. 9 ). Most early explosive phase amphiboles have reaction rims. These rims are predominantly 540 m in width, although a few are 70^80 m in width (Fig. 9a ). In contrast, whereas only a small number of late explosive phase phenocrysts have reaction rims, they are generally thicker, ranging from 61 to 200 m. Continuous phase phenocrysts have either thin (1^20 m) or thick (201^300 m) reaction rims. The effusive phase contains the highest proportion of amphiboles with reaction rims, which range from 11 to41000 m. The high-silica andesite (HSA) is the only major lithology in which unreacted amphiboles are dominant (480%; Fig. 5 ). However, the few reacted amphiboles present have thick rims (up to 300 m). More than 90% of low-silica andesite (LSA) amphiboles are reacted. Reaction rim thicknesses are predominantly 1^40 m (Fig. 9b) , although single outliers fall in the 51^60 m, 71^80 m, and 41000 m bins. Most dense low-silica andesite (DLSA) amphiboles have reaction rims (75%) with thicknesses of 1^200 m. Almost 90% of intermediate-silica amphiboles (ISA) have reaction rims and over 50% appear in transmitted light to be opacitized around phenocrysts edges and along cleavage lines. Rims range from 1 to 10 m in width, with a single exception of 200^300 m.
Reaction rim microlite textures and mineralogy
The microlites contained within the amphibole reaction rims vary in size. Microlite sizes (Feret's Diameter or FD) correlate with reaction rim thickness (Figure 10a ). Where the total reaction rim thickness is 550 m, all microlites are 510 m. Within this range, the majority of microlites are 1^6 m (Fig. 10b) . Where total reaction rim thickness is 50^80 m, reaction rim microlites are 2^20 m. Where total reaction rim thickness is 480 m, microlites are always 410 m. There is no correlation between microlite size and lithology, amphibole composition, or eruptive phase. Reaction rim microlites include orthopyroxene, clinopyroxene, plagioclase, and Fe^Ti oxides (Figs 11  and 12, Table 4 ). However, in the thinnest reactions rims (5 10 m), some 'microlites' are actually fragments of amphibole, mechanically separated from the parent phenocryst.
Reaction rim classification
Reaction rims in this study are primarily classified on the basis of reaction rim thickness. Subdivisions are based on microlite mineralogy.
(1) Type 1 reaction rims are550 m thick and contain the smallest (1^10 m) microlites (Fig. 10) (Figs 11a and 13c ). Although some microlites in Type 1 reaction rims are up to 10 m across, on average they are 55 m in size (Fig. 12) . Fe^Ti oxides represent the smallest microlites (52·5 m), whereas there is little difference in size between pyroxene and feldspar microlites (2·5^5 m; Fig. 12a ). There is no systematic variation in microlite size across the Type 1 rims (Fig. 12b ). (2) Type 2 reaction rims are 50^80 m thick. They contain microlites of 3^30 m in size (Fig. 10) . In order of decreasing abundance, Type 2 reaction rims contain orthopyroxene, clinopyroxene, plagioclase, and Fe^Ti oxides (Fig. 11b) . Type 2a reaction rims contain a single population of plagioclase crystals of uniform composition (Fig. 14a) . Type 2b reaction rims contain relatively calcic plagioclase near the amphibole phenocryst and relatively sodic plagioclase near the reaction rim^glass boundary (Fig. 14b) . In both Type 2a and Type 2b reaction rims, Fe^Ti oxides represent the smallest microlites, whereas plagioclase microlites are the largest (Fig. 12a) . For each given microlite phase, the mean size is greater in Type 2a reaction rims than in Type 2b reaction rims (Fig. 12a) . (3) Type 3 reaction rims are 480 m thick, and contain the largest (10^100 m) microlites (Fig. 12) . In order of decreasing abundance, Type 3 reaction rims contain orthopyroxene, plagioclase, clinopyroxene, and Fe^Ti oxides. Type 3a reaction rims contain a single (n = 47) (n = 24) (n = 18) (n = 22) (n = 18) (a)EExpl ( n = 3 6 ) ( n = 4 6 ) (n = 8) (n = 22) population of plagioclase crystals of uniform composition (Figs 11c and 14c) . Type 3b reaction rims contain more calcic plagioclase near amphibole and more sodic plagioclase near the boundary with the glass (Figs 11c and 14d) . Microlite sizes are strongly dependent on the microlite phase. In both Type 3a and Type 3b reaction rims, Fe^Ti oxides represent the smallest microlites, whereas plagioclase microlites represent the largest microlites (Fig. 12a) . For Fe^Ti oxides, clinopyroxene and plagioclase, the mean microlite size is greater in Type 3a reaction rims than in Type 3b reaction rims (Fig. 12a) . Orthopyroxene microlites are larger in Type 3b reaction rims. In Type 3 reaction rims, mean microlite size clearly increases from the amphibole^rim boundary outwards to the rim^glass boundary (Fig. 12b) . Microlites closest to the host amphibole are on average 520 m in size. Microlites on the outer edges of the rim, in contact with the surrounding glass, have mean sizes of 25^40 m.
It is important to note that the proportions of each mineral within the reaction rims (Fig. 11) represent mineral modes. In some cases, these values may differ from the total area and volume accounted for by a particular mineral. For example, oxides tend to be numerous, but the oxide microlites are very small (Fig. 12a) . Multiple oxide microlites may be required to account for the same surface area and volume taken up by a single microlite of orthopyroxene or plagioclase.
D I S C U S S I O N Geochemistry Controls on amphibole composition
The sensitivity of amphiboles to changing melt composition, temperature, pressure, and volatile content has made them a target for use in modelling magmatic conditions. At the same time, this sensitivity to multiple parameters makes attributing changes to any one variable problematic. Popular models for interpreting magmatic Crosshairs on each plot indicate the mean standard deviation of the cation data. Cation uncertainties were calculated by propagating the standard deviation on the major oxide data through the mineral recalculation and site assignment procedures (Giaramita & Day, 1990; De Angelis & Neill, 2012 conditions relate amphibole compositions directly to pressure and/or temperature (e.g. Hammarstrom & Zen, 1986; Johnson & Rutherford, 1989; Ridolfi et al., 2010) . There are a number of reasons why the application of these models to Augustine amphiboles is inappropriate. For instance, none account for the influence of bulk-rock composition and the compositions of coexisting melts and other mineral phases on amphibole compositions. Some models (e.g. Johnson & Rutherford, 1989) , developed for near-solidus plutonic systems, circumvent this issue by requiring a specific mineral assemblage (e.g. quartz, sanidine, biotite, titanite) to buffer the melt composition. These phases are not found in the Augustine 2006 magmas. For this reason, pressure and temperature calculations for Augustine using such models are subject to high degrees of uncertainty. Amphibole pressure^temperature stability curves at Augustine can be determined through the experimental determination of phase equilibria. However, for the purposes of this study, we simply use the relative contributions from the four primary coupled substitutions controlling magmatic amphibole chemistry to infer relative differences in magmatic conditions for the different amphibole populations. The Al-Tschermak exchange is generally held to be primarily pressure sensitive, whereas the plagioclase and edenite exchanges are temperature dependent (e.g. Bachmann & Dungan, 2002) . Some studies suggest that the amphibole^melt partitioning of Ti is affected by both pressure and water activity (Adam et al., 2007) , although most show that Ti variation and the Ti-Tschermak substitution are also controlled by temperature (e.g. Ernst & Liu, 1998; Bachmann & Dungan, 2002) . On this basis, the Ti-Tschermak exchange is the least useful because it may reflect changes in pressure, water activity, and temperature, or any combination of these.
In Augustine amphiboles, positive correlations for each of the four exchange relationships indicate that all substitutions are active and account for almost 100% of the variation in the amphibole compositions (Fig. 8) . The Al-Tschermak exchange accounts for $21% of the variation, whereas the Ti-Tschermak, plagioclase, and edenite exchanges account for 21%, 18%, and 39%, respectively. The statistically most significant correlation is for the temperature-controlled edenite exchange. These results suggest that melt temperature is the primary control on amphibole composition. Statistically indistinguishable amphibole compositions (at the 95% confidence interval) between high-and low-silica andesites (Fig. 7) indicate that, for the primary lithologies, melt composition plays a lesser role relative to physical conditions in controlling amphibole composition at Augustine. The high-Al amphibole in the dense low-silica andesites, intermediate-silica andesites, and in the quenched mafic inclusions (Fig. 8) formed from a higher temperature, and most probably higher pressure, melt than the low-Al amphibole. Low-Al amphiboles are found in all lithologies, but in the high-silica andesite and low-silica andesite scoria they represent the entire population (Fig. 7) .
Quenched mafic inclusions represent replenishing basalt? Larsen et al. (2010) suggested that the 2006 eruption was triggered by an influx of new basalt from depth into the shallow storage region. However, at the time of that publication no direct samples of this mafic end-member had been observed. Since then, quenched mafic inclusions have been identified in the Augustine 2006 deposits (Steiner et al., 2012) . The quenched mafic inclusions anchor the mafic end of the linear mixing array in bulk-rock major oxide chemistry (Fig. 2a) . However, they are significantly depleted in incompatible trace elements, such as Cr, with respect to the linear mixing array (Fig. 2b) . Their wide range in composition (50^60 wt % SiO 2 ; Steiner et al., 2012) and inconsistent trace element patterns indicate that most inclusions represent hybrids formed through the mixing of an invading basalt, the fine-grained gabbros, and the high-or low-silica andesites. This is consistent with the results of Vitale (2012) , who concluded that the inclusions did not erupt in a pristine compositional state and underwent varying degrees of pre-and syn-eruptive hybridization. Of the three mafic inclusions investigated in this study, two contain single populations of high-Al amphibole phenocrysts (4 11wt % Al 2 O 3 ) and one contains a bimodal population of high-and low-Al (5 10 wt % Al 2 O 3 ) amphibole phenocrysts (Fig. 7b) . The high-Al amphibole phenocrysts are interpreted to represent amphiboles native to the intruding basalt. Low-Al amphiboles are interpreted to represent phenocrysts inherited from the high-or low-silica andesites and from the fine-grained gabbros during hybridization. At the 95% confidence level, low-Al amphiboles in the quenched mafic inclusions, the high-silica andesites, the low-silica andesites, and the fine-grained gabbroic inclusions are statistically indistinguishable.
High-silica andesite and low-silica andesite scoria: resident magmas? Larsen et al. (2010) inferred the formation of low-silica andesite scoria from the mixing of remnant high-silica andesite with an influx of basalt, probably represented by the quenched mafic inclusions. However, the amphibole distribution sheds doubt on this hypothesis. The low-silica andesite scoria and high-silica andesites both contain predominantly magnesiohornblende, with a small number . X-ray map areas are denoted on BSE images by black boxes. Different colours on X-ray maps denote different mineral phases (note that exact hue varies between X-ray maps). Light green, amphibole; bright green, orthopyroxene; white, magnetite; yellow, ilmenite; orange, clinopyroxene; blue or purple, plagioclase. of tschermakite outliers (Fig. 6) . In contrast, the quenched mafic inclusions contain predominantly tschermakitic amphiboles, with a few that are magnesiohastingsite. If the low-silica andesite scoria were a hybrid formed from high-silica andesite and basalt magma end-members, it should contain two phenocryst populations, one inherited from each parent. On the basis of major oxide geochemistry, $50% each of those end-member lithologies (i.e. quenched mafic inclusions and high-silica andesite) would be required to create a hybrid of low-silica andesite scoria composition. The high-silica andesite contains on average 51 modal % amphibole phenocrysts. The quenched mafic inclusions contain 5^18 modal % amphibole phenocrysts. Thus, the majority of the inherited phenocrysts should be similar to those from the quenched mafic inclusions (Fig. 7) . Instead, the low-silica andesite amphibole population is similar to that in the high-silica andesite.
We suggest that the low-silica andesite does not represent a recent hybrid magma and that both low-silica andesite scoria and high-silica andesite magmas resided in the shallow plumbing system beneath Augustine prior to 2006 and erupted with little or no pre-or syn-eruptive hybridization. Amphibole compositional data suggest that those magmas formed, or at least were stored for an extended period, at similar temperatures. In contrast, whereas FeT i oxide based temperature estimates show a cluster of relatively low T values for the high-silica andesite (838 AE148C), they indicate a much larger range in temperature for the low-silica andesites (904 AE 478C; Larsen et al., 2010) . Fe^Ti oxides re-equilibrate on a scale of hours to days, whereas it takes significantly longer for amphibole compositions to reflect changes in magmatic conditions. We suggest that the low-silica andesite underwent a greater degree of heating than the high-silica andesite prior to eruption, as reflected in the higher (and greater range) of apparent temperatures. Amphibole compositions probably do not reflect this heating as it occurred immediately prior to eruption on a timescale too short for the re-equilibration of amphibole compositions. Employing the Roman et al. (2006) storage model, both low-and highsilica andesite magmas could have been stored in a plexus of dikes without interacting. This hypothesis is supported by recent results from uranium series isotope analyses on samples from the 2006 eruption (Thompson, 2011) . Deficits in the 210 Pb/ 226 Ra ratio of explosive and effusive phase low-silica andesite samples indicate that the lithology probably represents a remnant magma, possibly a crystal fractionate of an older basalt, stored below the volcano, and not a recent hybrid between resident high-silica andesite and a new basalt or basaltic andesite magma.
Dense low-silica and intermediate-silica andesites: hybrid magmas?
Of all lithologies, only the dense low-silica and intermediate-silica andesites have magnesiohastingsite phenocrysts in common with the quenched mafic inclusions. Larsen et al. (2010) concluded that the dense low-silica andesite probably represents a degassed version of the low-silica andesite scoria. However, the dense low-silica andesite amphiboles exhibit a greater spread of compositions, including magnesiohornblende, tschermakite and magnesiohastingsite phenocrysts (Fig. 6) . Although their wholerock major element compositions are indistinguishable, differences between the low-silica andesite scoria and dense low-silica andesite are seen in the whole-rock trace element data (Larsen et al., 2010) . Over 90% of the lowsilica andesite scoria and about half of the dense low-silica andesite whole-rock samples have Cr contents that fall 102 0 ppm below the main mixing trend (Fig. 2b) . Larsen et al. (2010) attributed these differences to olivine settling in the interim between the main eruptions of the lowsilica andesite scoria (early explosive phase) and the dense low-silica andesite (effusive phase). However, we suggest that these differences are because the low-silica andesite scoria magma is not a 2006 hybrid. The dense lowsilica andesites with the lower Cr contents ($50^65 ppm) may be a degassed version of the low-silica andesite scoria magma, whereas those with elevated Cr contents ($608 5 ppm), in alignment with the main mixing trend, represent recent mixing between the high-silica andesite and quenched mafic inclusion magmas. Although the amphibole data are too limited to be conclusive, they do lend support to this theory. The lowest-Al amphiboles from the dense low-silica andesite, those most similar to those in the low-silica andesite scoria (Fig. 7b) , are from samples with lower whole-rock Cr contents. In contrast, the highest-Al amphiboles in the dense low-silica andesite come from samples with elevated whole-rock Cr contents, consistent with recent hybridization.
Intermediate-silica andesite samples contain high-Al (4 11·5 wt % Al 2 O 3 ) and low-Al (59·5 wt % Al 2 O 3 ) amphibole populations, consistent with two-component mixing between high-silica andesite and a basaltic end-member. Similar to the dense low-silica andesite, intermediatesilica andesite amphiboles have a wide range of compositions (Figs 6 and 7) , including tschermakite and magnesiohastingsite. Given the presence of high-Al amphiboles in intermediate-silica andesite magma, it is unlikely that the low-silica end-member in this mixing process was represented by the low-silica andesite scoria, as suggested by Larsen et al. (2010) . More probable is the formation of the intermediate-silica andesite from the mixing of highsilica andesite with replenishing basalt, represented by the quenched mafic inclusions. The occurrence of statistically indistinguishable (at the 95% confidence interval) magnesiohornblende crystals in the high-silica, intermediatesilica, and dense low-silica samples, and statistically indistinguishable high-Al amphibole in the intermediatesilica and dense low-silica and quenched mafic inclusion samples, provides support for the hypothesis that the intermediate-silica andesites and most of the dense low-silica andesites represent recent hybrid magmas.
Reaction rims: textures, mineralogy, and processes Previous models for reaction rim formation Volcanic amphibole reaction rim formation is commonly attributed to dehydration during ascent, thermal decomposition caused by an influx of a higher temperature magma, fluxing of the magma with a CO 2 -rich melt, or shallow-level oxidation (Rutherford & Hill, 1993) . From semi-quantitative studies of natural magmatic amphiboles (Garcia & Jacobson, 1979; Devine et al., 1998; Murphy et al., 2000; Rutherford & Devine, 2003) reaction rims in past studies have been classified as follows.
Type A. Very thin (5 10 mm), fine-grained (microlite sizes of 1^10 mm) intergrowths of Fe^Ti oxides and pyroxene, which are often referred to as 'Black Type' (Garcia & Jacobson, 1979) or 'Opaque' (owing to their opaque appearance in transmitted light microscopy; Devine et al., 1998; Murphy et al., 2000) . These are attributed to oxidation and dehydrogenation within a lava dome or flow.
Type B. Thin (540 mm), medium-grained (microlite sizes of 1^30 mm) intergrowths of pyroxene, plagioclase, and Fe^Ti oxides, classified as 'Gabbroic' (Garcia & Jacobson, 1979) , 'Fine Grained' (Devine et al., 1998; Murphy et al., 2000) , or 'Type 1' (Rutherford & Devine, 2003) . These are attributed to melt dehydration during ascent-driven decompression.
Type C. Thick (generally 4200 mm), coarse-grained (microlite sizes of 30^300 mm) intergrowths of pyroxene, plagioclase, and Fe^Ti oxides. These reaction rims are generally attributed to thermal decomposition or to prolonged recrystallization in magmas that stall at shallow depths (Devine et al., 1998; Murphy et al., 2000; Rutherford & Devine, 2003) .
The generation of amphibole reaction rims via decompression has also been explored experimentally (Rutherford & Hill, 1993; Browne & Gardner, 2006) . Rutherford & Hill (1993) investigated reaction rim formation at 8608C and 9008C using dacite magmas from Mount St. Helens, whereas Browne & Gardner (2006) investigated reaction rim formation at 8408C using andesite magmas from Redoubt Volcano, Alaska, as starting material. Both studies aimed to use experimental reaction rim growth rates to provide a calibration for assessing magmatic ascent rates from natural amphiboles. However, use of their calibrations on Augustine amphiboles is inappropriate for several reasons. First, the large differences in experimental rim growth rates between the two studies highlight the uniqueness of each calibration to the volcanic system. These studies were performed on samples with different melt compositions, at more reduced oxygen fugacity, and different inferred magma temperatures than those observed at Augustine Volcano. Second, experimentally grown reaction rims rarely exceed 40 m (Browne & Gardner, 2006) . Thus, the results of experimental studies have to be extrapolated to infer ascent rates from thicker natural reaction rims. Third, the amphibole breakdown reaction induced by decompression experiments is nonlinear (Browne & Gardner, 2006) . This means that syneruptive variations in ascent rate and path may explain a broad range of reaction rim widths and textures.
However, a general observation of note is that decompression-induced reaction rims are characterized by the presence of orthopyroxene. In contrast, heating reaction rims are characterized by clinopyroxene (Browne, 2005) .
Application to Augustine 2006
The three reaction rim types identified in the Augustine 2006 samples (Figs 11 and 12 ) are generally not consistent with the three reaction rim types identified in the literature. For example, although a number of Augustine 2006 amphibole reaction rims are both 510 m in thickness and opaque in transmitted light, X-ray maps indicate that reaction rim mineralogy is inconsistent with the Type A classification. This highlights the inadequacy of transmitted light microscopy for the classification and analysis of amphibole reaction rims. In another example, although Augustine Type 2 reaction rims are mineralogicallly and texturally consistent with the traditional Type 2 classification they tend to be significantly thicker (50^80 m on Augustine amphiboles, as compared with540 m in past classification systems). Finally, although the very thick Type C reaction rims of past studies (4200 m thickness) are not identified in the Augustine samples, many Augustine reaction rims do contain coarse microlites that are consistent with the coarse-grained texture of the Type C reaction rims.
The lack of correlation between Augustine amphibole reaction rims and past classifications means that we are unable to use past studies of natural magmatic systems to infer the type of disequilibrium (e.g. heating vs decompression) that is inducing amphibole reaction rim formation at Augustine.
An alternative approach: kinetic model for reaction rim formation
Kinetic studies of plagioclase crystallization, employing both cooling and decompression experiments, have investigated nucleation and growth rates by measuring crystal number density (CND), shape and grain size as a function of experimental timescale (e.g. Muncill & Lasaga, 1988; Hammer & Rutherford, 2002) . Nucleation and growth rates, plotted as a function of the thermodynamic driving force, typically show separate but overlapping curves. Nucleation rates are highest when the degree of undercooling is high, and growth rates are highest at lower undercoolings (e.g. Hammer & Rutherford, 2002; Hammer, 2008, and references therein; Brugger & Hammer, 2010) . The most acicular grains are observed at high degrees of undercooling, consistent with the system reacting to a large degree of forcing away from equilibrium (i.e. high ÁG; Hammer & Rutherford, 2002) . Thus, high CND, acicular shapes, and small crystal sizes are indicative of nucleationdominated crystallization during reactions in which the system is forced far from equilibrium over short timescales. In contrast, smaller CND and larger, more equant grains indicate lower degrees of undercooling and a growth-dominated crystallization regime in a system reacting to a smaller degree of forcing away from equilibrium (i.e. low ÁG).
Amphibole reaction rims are multi-component and their formation not only depends upon the degree of decompression or heating, but also is a function of melt composition (Coombs et al., 2013) and probably of magma oxidation state. However, to first order, if we view the crystallization of each phase with an amphibole reaction rim as following similar kinetic principles, we can follow a kinetic approach that may help further refine what the different reaction rim textures mean in terms of the conditions of their formation. The caveat is that additional experimental calibrations of amphibole reaction rates under different conditions of heating and decompression are required before such a model can be widely applied across different volcanic systems.
Microlites in Augustine amphibole reaction rims vary by size, shape, and number density (Table 4 ). Given the dependence of crystal shape on crystal orientation within the thin section, for the purposes of this study only crystal size and number densities are considered. Type 1 reaction rim microlites are small (5 10 m; Fig. 12 ) and have high CND (50 000 to $400 000 crystals per mm 2 ). We suggest that Type 1a represents the initiation of breakdown, with the mechanical separation of amphibole fragments from the main phenocryst. This separation could be due to decomposition occurring preferentially along planes of weakness. Types 1b and 1c represent the dissolution of amphibole fragments and the initial crystallization of anhydrous phases. These reaction rims are primarily nucleation dominated and are the initial response to changes in the amphibole's environment.
In contrast, Type 3 reaction rims contain large microlites (mean sizes of 10^40 m depending on microlite phase and position within the reaction rim; Fig. 12 ) and have much lower CND (300^6000 crystals per mm 2 ). Type 3 reaction rims represent growth-dominated crystallization. Type 3 reaction rims show increasing microlite size in the outer rim (Fig. 12) , supporting the hypothesis that outer rim microlites, which formed early in reaction rim formation, have been growing for the longest.
Type 2 reaction rim microlites have CND and microlite sizes intermediate between Type 1 and 3 reaction rims. They most probably represent a transitional zone between nucleation and growth-dominated regimes, and thus intermediate reaction timescales.
Mechanisms for amphibole breakdown
Our model provides a reaction-kinetics basis for determining the relative degree of disequilibrium in the system and the point to which the amphibole breakdown reaction has progressed in a qualitative way. However, it currently cannot effectively discriminate between forcing mechanisms (e.g. heating, decompression, or changes in melt composition), nor can it predict reaction timescales in a quantitative way.
Given the small total thickness of Type 1 reaction rims, it is likely that disequilibrium was experienced for a relatively short period of time. Although we cannot discount the formation of Type 1 rims by heating in the hours prior to eruption, it is unlikely that this was the case at Augustine. The duration of the precursory phase and the high degree of hybridization in the erupted magmas indicate that pre-eruptive heating at Augustine took place over a timescale of weeks to months. It is simplest to explain Type 1 reaction rims by moderately paced ascent (and decompression) followed by quenching.
Type 2 and 3 reaction rims could signify either slower decompression rates, stalling at shallow levels in the conduit, heating, or some combination of all of these. Evidence for heating in the Augustine 2006 samples, seen in all major lithologies with the exception of the highsilica andesite, includes an abundance of disequilibrium textures (e.g. skeletal plagioclase, banded textures at both the micro-and macroscopic scales), large ranges in Fe^Ti oxide temperature estimates, and the presence of mafic enclaves with quench textures (Steiner et al., 2012) . To the best of our knowledge, amphibole reaction rim formation has been produced in only four heating experiments (Rutherford & Devine, 2003; Browne, 2005) . Each of these produced heavily clinopyroxene-dominated reaction rims. In contrast, although Augustine reaction rims contain both ortho-and clinopyroxene, orthopyroxene is always dominant (Fig. 11) . Thus, two scenarios are possible: (1) the final temperature of the heated magmas was within the thermal stability of Augustine amphibole and all reaction rims are decompression induced; or (2) in Augustine Volcano magmas, heating-induced reaction rims form without clinopyroxene as the dominant pyroxene phase. The first scenario is unlikely to be the case as Fe^Ti oxide pairs in the low-silica andesite suggest that the Augustine magmas were heated to at least 9708C prior to eruption. Although the thermal stability of amphibole in the Augustine system has not been confirmed experimentally, studies on similar volcanic systems such as Soufrie' re Hills Volcano, Montserrat (Rutherford & Devine, 2003) and Redoubt Volcano, Alaska (Browne & Gardner, 2006) show the limits of amphibole stability at 59008C. In contrast, the second scenario is entirely plausible and reflects the individuality of magmatic systems. Phase crystallization within the reaction rim is most probably a reflection of the initial amphibole composition and melt composition and not reflective of the disequilibrium forcing mechanism.
An interesting feature of some Type 2 and 3 reaction rims is the change in relative An content in the plagioclase microlites. Type 2a and 3a reaction rims, which are on average significantly larger than their counterparts in Types 2b and 3b (Fig. 12) , contain single populations of plagioclase with uniform An contents. In contrast, the small plagioclase microlites of Types 2b and 3b are more sodic in the outer rims and more calcic in the inner rims (Figs 11 and 12 ). This indicates that microlite compositions evolve as the reaction rim develops.
Wide variations in reaction rim thickness are often seen in single Augustine thin sections. This could indicate non-uniform magma ascent or storage conditions in the sub-volcanic plumbing system. Magma batches stored in different dikes may have been subjected to different degrees of heating and/or may have ascended at different rates through different dikes, before combining in the shallow conduit prior to eruption.
In the case of Augustine, the only amphibole populations for which the forcing mechanism (or lack thereof) can be inferred with any confidence are the unreacted amphibole of the late explosive phase high-silica andesite and those with the thinnest, finest-grained reaction rims (Type 1). The lack of reaction rims on high-silica andesite amphiboles is due to a number of reasons: (1) amphiboles underwent little or no pre-ascent disequilibrium in the storage region; high-silica andesite magmas show no evidence for pre-eruptive heating, magma mixing, or changes in magma geochemistry; (2) the relatively low temperature and high viscosity of the high-silica melts retarded amphibole breakdown, in turn stalling the supply of nutrients to the surrounding melt (Coombs et al., 2013) ; (3) timescales of ascent and eruption were short enough to inhibit amphibole breakdown. There is strong independent evidence to suggest that the late explosive phase high-silica andesite magmas did undergo rapid ascent. This phase was characterized by high flux rates (13 800 m 3 s^1; Coombs et al., 2010) and the emplacement of the Rocky Point pyroclastic flow, coincident with major deflation indicative of rapid magma withdrawal from depth (Cervelli et al., 2010) . The few outlying late explosive phase high-silica andesite amphiboles that do display reaction rims probably represent antecrysts from pockets of magma that were stuck along the conduit walls and were swept to the surface during the high-flux Rocky Point event.
C O N C L U D I N G S TAT E M E N T
On the basis of amphibole geochemistry and textures we present a revised model of magma storage and movement during the 2006 eruption of Augustine Volcano (Fig. 15) . The high-and low-silica andesites (including the low-silica andesite scoria and most of the dense low-silica andesite) probably represent magmas stored in the shallow crust at depths of 4^8 km, since at least 1986, and perhaps longer (Fig. 15a) . These magmas remained chemically distinct as a result of the segregated dike structure of the storage system (e.g. Roman et al., 2006) . The amphibole P^Tstabil-ity boundary for the Augustine system probably intersects the storage region, accounting for the scarcity of amphiboles and their uneven distribution within samples. The eruption was triggered by the intrusion of a fresh mafic magma from the deep crust into the shallow storage system, similar to the model of Larsen et al. (2010) . This influx of fresh magma partially mixed with the finegrained gabbros prior to intrusion into the LSAS and HSA. Amphibole compositional data indicate that the low-silica andesite scoria is not a hybrid, and the replenishing magma may have only heated and remobilized this magma, which rose to the surface relatively unmixed (Fig. 15b) . At the end of the explosive phase, the pressure differential in the now open pathway pulled more viscous high-silica andesite from the storage region into the conduit for eruption. Mixing and mingling between the high-silica andesite and the mafic magma formed intermediate-silica andesite and the remainder of the dense low-silica andesite (Fig. 15c) . Finally, the remaining degassed low-silica andesites erupted effusively, forming two lava flows and a final lava dome. One of these degassed low-silica magmas represented the final remnants of the original low-silica andesite and the other a highsilica andesite-quenched mafic inclusion hybrid.
The majority of Augustine amphiboles exhibit reaction rims. We propose a new approach to assessing reaction rim textures based on established models of crystallization kinetics. This approach focuses on the relative magnitude of disequilibrium imposed on a phenocryst, but does not currently allow for differentiation between heating-and decompression-induced reaction rims. We conclude that the interpretation of reaction rim textures must be accompanied by additional evidence for origination by heating or decompression (Rutherford & Hill, 1993; Plechov et al., 2008) .
Complex minerals such as amphibole are often misused in petrological studies. For example, the inappropriate use of geothermobarometry models on amphibole in magmas that fall outside the limits of the calibration is common. In this study we have shown that even without the use of these models, basic amphibole compositional and textural data can be a powerful tool in helping to understand the subsurface plumbing of arc volcanoes. Further, this study marks an attempt to encourage a more quantitative approach to the analysis of amphibole textures. However, further experimental work on the heating and decompression of magmas, both at Augustine and for other volcanoes, is needed to test this method and to calibrate a more rigorous . One of these degassed low-silica magmas represented the final remnants of the low-silica andesite and the other a high-silica andesite-quenched mafic inclusion hybrid. On eruption they formed two lava flows and a final lava dome.
thermodynamic model for the formation of amphibole reaction rims.
